Although mind wandering occupies a large proportion of our waking life, its neural basis and relation to ongoing behavior remain controversial. We report an fMRI study that used experience sampling to provide an online measure of mind wandering during a concurrent task. Analyses focused on the interval of time immediately preceding experience sampling probes demonstrate activation of default network regions during mind wandering, a finding consistent with theoretical accounts of default network functions. Activation in medial prefrontal default network regions was observed both in association with subjective self-reports of mind wandering and an independent behavioral measure (performance errors on the concurrent task). In addition to default network activation, mind wandering was associated with executive network recruitment, a finding predicted by behavioral theories of off-task thought and its relation to executive resources. Finally, neural recruitment in both default and executive network regions was strongest when subjects were unaware of their own mind wandering, suggesting that mind wandering is most pronounced when it lacks meta-awareness. The observed parallel recruitment of executive and default network regions-two brain systems that so far have been assumed to work in oppositionsuggests that mind wandering may evoke a unique mental state that may allow otherwise opposing networks to work in cooperation. The ability of this study to reveal a number of crucial aspects of the neural recruitment associated with mind wandering underscores the value of combining subjective self-reports with online measures of brain function for advancing our understanding of the neurophenomenology of subjective experience.
W
hen unoccupied by external demands, the human mind often works with particular rigor. Indeed, one of the most intriguing neuroscientific findings of the past decade has been the observation that certain regions of the brain become increasingly recruited with decreasing external task demands. This group of brain regions has collectively been termed the ''default network'' (1-3), and includes, most prominently, the medial prefrontal cortex (PFC), posterior cingulate cortex/precuneus region, and the temporoparietal junction. The mental processes that keep the brain so busy when it is not occupied by external demands have been a source of significant theoretical conjecture. A particularly prominent view is that default network recruitment reflects internally focused thought (2, 3) that can occur in the form of mind wandering (4) (5) (6) if it takes place simultaneously with, and yet is unrelated to an ongoing task. Indirect support for this view comes from neuroimaging studies (6) (7) (8) , demonstrating correlations between reported frequency of task-unrelated thoughts and default network activation during conditions of low cognitive demand, as well as stronger default network activation during highly practiced compared with novel tasks in people with higher propensity for mind wandering (6) .
However, neuroimaging studies so far have inferred mind wandering only indirectly, by varying task demands to influence the probability of task-unrelated thoughts and collecting mind wandering reports during a separate session outside the scanner. Because there were no online measures of mind wandering taken during scanning, it is possible that the observed default network recruitment could be due to factors other than mind wandering. In this vein, Gilbert et al. (9) recently argued that instead of mind wandering, activations in the medial PFC part of the default network may reflect stimulus-related thought such as enhanced watchfulness toward the external environment that is also likely to occur during highly practiced tasks.
A key objective of the present study was to provide a direct empirical test for the hypothesis that default network recruitment, including medial PFC regions, occurs during the precise moments when the mind wanders away from the task at hand. To this end, we introduced the method of experience sampling (10, 11) to fMRI research on mind wandering. Experience sampling involves intermittently probing individuals to provide self-reports about their current mental state; thus, enabling online assessment of momentary changes in the contents of consciousness. By collecting selfreports in an online fashion during scanning while keeping cognitive demands constant, and by examining differences in neural recruitment immediately before self-reports of being off versus on task, the present study was well positioned to overcome some of the limitations that have prevented previous research from drawing conclusive inferences about the role of the default network in mind wandering. To provide additional corroborative evidence for these self-reports, they were collected while participants performed a sustained attention to response task (SART) (12) , during which performance errors have been linked to mind wandering (12) (13) (14) (15) (16) (17) . This procedure allowed us to assess the convergence in brain activations between behavioral and subjective indices of mind wandering.
A second goal of the present study was to examine the role of the executive system of the brain during mind wandering. Executive brain regions, most notably the dorsal anterior cingulate cortex (ACC) and the dorsolateral PFC (DLPFC), become consistently activated when individuals engage in demanding mental activity (18) (19) (20) . Currently, behavioral and neuroimaging studies offer disparate views on the likely contribution of the executive system to mind wandering. Behavioral studies employing experience sampling (5, 21, 22) indicate that mind wandering is a complex mental activity that often interferes with cognitively demanding tasks, suggesting a processing overlap with the executive system of the brain. In contrast, neuroimaging findings (6-8) have predominantly implicated the default network. So far, however, neuroimaging studies have inferred mind wandering by contrasting highly prac-ticed tasks and conditions of ''rest'' (known to be associated with relatively high incidence of mind wandering) to novel, cognitively demanding tasks (known to be associated with relatively low incidence of mind wandering) (5, 6) . The associated decrease in cognitive demand from activation to baseline in those contrasts conceivably could have obscured the involvement of executive regions during mind wandering. Therefore, the second aim of the present study was to hold task demands constant and use experience sampling to test the theoretical prediction from behavioral research (5, 21, 22) that the executive network of the brain would be recruited during mind wandering.
Finally, there is accumulating evidence that individuals fluctuate in their explicit awareness of the contents of their own thought, a phenomenon termed meta-awareness or metaconsciousness (23) (24) (25) . In response to an experience-sampling probe, participants sometimes report having been aware that their mind had wandered, whereas at other times they report having mind wandered without being aware of it (26) (27) (28) (29) . Recent research indicates that task performance is more disrupted by unaware than by aware mind wandering episodes (27) (28) (29) , suggesting that the mental processes associated with mind wandering may be most pronounced when it goes unnoticed. Therefore, the third aim of this study was to use experience sampling to examine the relationship between meta-awareness and the neural recruitment associated with mind wandering.
To collect experience sampling reports of mind wandering during fMRI scanning, subjects were presented with thought probes (30) while performing a simple go/no-go task ( Fig. 1 ) known as the SART (12) . Thought probes provided subjective reports of mind wandering, whereas task performance errors provided a behavioral index of mind wandering (12) (13) (14) (15) (16) (17) . Each thought probe asked subjects 2 questions (Fig. 1 ) about their mental state immediately preceding the probe. First, whether their attention was focused on the task or on something unrelated to the task, and second, whether or not they were aware of where their attention was focused. ''Awareness'' was defined to subjects as the experience of not recognizing that mind wandering had occurred until the moment that the probe was presented (26) (27) (28) . Subjects answered using a 7-point Likert scale, ranging from ''completely on task'' to ''completely off task'' for the first question, and from ''completely aware'' to ''completely unaware'' for the second question (with the scale direction counterbalanced across subjects). Probes occurred pseudorandomly, at a rate of Ϸ1 per minute and at moments unpredictable to the subjects. A total of 96 probes per subject were presented throughout the experiment. For details on behavioral procedure, see SI Materials and Methods.
The 10-s interval of time directly preceding a probe was subsequently categorized according to the subject's response as ''on-task'' (responses 1-3 on the 7-point scale) or ''off-task'' (responses 5-7). Probes that were responded to with a 4, corresponding to the middle of the scale, were excluded from analysis. Also, off-task intervals were divided into ''off-task aware'' (mind wandering with metaawareness; responses 1-3 on the 7-point scale) and ''off-task unaware'' (mind wandering in the absence of meta-awareness; responses 5-7). Probes that were responded to with a 4 to the second question were also excluded. Finally, the 10-s interval directly preceding each target was categorized according to the subject's response as either ''correct'' (correct withhold) or ''incorrect'' (commission error). To dissociate the effects of mind wandering from the effects of answering a probe or making an error, the analyses focused on the intervals of time immediately preceding probes or targets (Fig. 1) .
Results
Behavioral Data. During the intervals before off-task probes, subjects made significantly more errors on the SART than during the intervals before on-task probes (t ϭ 2.4, df ϭ 14, P Ͻ 0.05). No significant difference was observed in reaction time during on-task and off-task periods. Also, there were no significant differences in reaction time or accuracy during the intervals before off-task aware and off-task unaware probes. Subjects reported being off-task on 43% of probes (SE ϭ 3.7%) and on-task on 54% of the probes (SE ϭ 3.4%). Of the off-task intervals, subjects reported being unaware of where their attention was focused on 45% of probes (SE ϭ 3.7%) and aware of where it was focused on 44% of the probes (SE ϭ 3.9%). The remaining probes were answered with the midpoint (4) of the 7-point scale.
Functional MRI Data. When episodes of mind wandering were compared with episodes of being on task (intervals before off-task probes versus intervals before on-task probes), a robust recruitment of both default and executive network regions was observed ( Fig.  2 and Table 1 ). Activations were observed in the 3 most prominent default network regions, including the ventral ACC [Brodmann area (BA) 24/32], the precuneus (BA 7), and the temporoparietal junction (BA 39) (upward green arrows in Fig. 2 B-D) . Also, the 2 main executive regions were activated, namely, the dorsal ACC (BA 32) and DLPFC (BA 9) (downward blue arrows in Fig. 2 A and E). Activations in regions outside those typically associated with the executive and default network were also observed, including the temporopolar cortex (BA 38), inferior and middle temporal gyri (BA 20/21), anterior insula, and caudate nucleus.
Next, we examined brain recruitment preceding SART performance errors (intervals before SART commission errors compared with intervals before correct target withholds) ( Fig. 3 and Table 2 ). Activations were observed in 2 default network regions: the dorsomedial PFC (BA 9) and ventromedial PFC (BA 10/11). Also, activations in the temporopolar cortex (BA 38), fusiform gyrus, and Fig. 1 . Experimental paradigm. An experience sampling approach was used to collect self-reports about the subjects' focus of attention while their performed a concurrent task (the SART). Also, task accuracy at targets was used as a behavioral index of mind wandering. Analyses focused on the interval of time immediately preceding experience sampling probes to dissociate the effects of mind wandering from the effects of answering a probe. extrastriate visual cortex were observed (Table 2) . Importantly, both mind wandering reports and performance errors were preceded by activation in default network regions (upward green arrows in Figs. 2 and 3, respectively) , suggesting a convergence between subjective and behavioral measures of mind wandering. Activation preceding mind wandering reports extended throughout the default network, including the medial frontal, posterior cingulate, and temporoparietal cortices (Fig. 2 B-D) , whereas errorpreceding activations (Fig. 3 F and G) were concentrated within the medial frontal subcomponents of the default network. Fianlly, both mind wandering reports and performance errors were preceded by recruitment of the temporopolar cortex.
To examine the effect of meta-awareness on mind wandering, we assessed unaware and aware mind wandering intervals separately, comparing each to on-task intervals. Reports of mind wandering in the absence of meta-awareness ( Fig. 4a ; Table S1 ) were preceded by robust activation of both the executive network (dorsal ACC and lateral PFC) and the default network (ventral ACC, posterior cingulate/precuneus, and temporoparietal cortex). Reports of mind wandering with meta-awareness ( Fig. 4b ; Table S2 ) were associated with similar, but weaker activation in both networks. When mind wandering in the absence of meta-awareness was directly compared to mind wandering with meta-awareness ( Fig. 5 and Table 3 ), significant activations in a number of regions in the executive and default network were observed, including the medial and lateral aspects of the anterior PFC (BA 10), dorsal ACC (BA 32), right DLPFC (BA 9/10), and posterior cingulate/precuneus (BA 31/7). Additional regions of activation included the superior temporal cortex, the fusiform and parahippocampal gyri, the posterior insula, thalamus, and cerebellum. No brain regions were significantly more activated during mind wandering with meta-awareness than during mind wandering in the absence of meta-awareness.
Discussion
This study set out to explore the neural recruitment that occurs when the mind wanders away from the task at hand. A key finding was that mind wandering was associated with recruitment of medial PFC, posterior cingulate/precuneus, and posterior temporoparietal cortex, regions that form the core of the default network (1-3). This finding is consistent with prior theorizing about the functions of the default network (2, 3), and with neuroimaging studies (6-8) that varied task demands to explore the link between default network Intervals prior to incorrect vs. correct responses to SART targets. All activations were significant at the P Ͻ 0.001 level (k Ͼ 5). PHG, parahippocampal gyrus. Intervals prior to off-task reports vs. intervals prior to on-task reports. All activations were significant at the P Ͻ 0.001 level (k Ͼ 5). ACC, anterior cingulate cortex; BA, Brodmann area; MFG, middle frontal gyrus; IFG, inferior frontal gyrus; PCC, posterior cingulate cortex; ITG, inferior temporal gyrus; MTG, middle temporal gyrus. functions and the mind wandering process. Also, the results demonstrate that mind wandering entails recruitment of the executive system of the brain, a finding predicted by behavioral theories of off-task thought. Finally, individuals' self-reports of whether or not they were aware of their mind wandering indicated that brain recruitment associated with off-task thinking is most pronounced in the absence of meta-awareness.
The medial prefrontal part of the default network, whose involvement in mind wandering has been the subject of a recent controversy (6, 9, 31), was activated both when subjects reported having their attention turned away from the task and before making an error, a condition associated with less effective task-directed attention (5). To our knowledge, these findings of medial PFC recruitment for 2 independent measures of mind wandering provide the strongest empirical evidence to date for a link between default network functions and mind wandering. They also suggest that the observed activations do not necessarily reflect stimulusrelated attentional focus that contributes to effective task-related processing, as previously argued (9) . Nonetheless, the present results do not entirely rule out a role for the medial PFC in stimulus-oriented thought, because some aspects of mind wandering could involve a preoccupation with task-irrelevant stimulus features (e.g., the scanner noise or the rhythm of stimulus presentation). Although our findings yield strong support to the notion that the medial PFC is involved in mind wandering (6), they do not specify whether it is involved in stimulus-independent or stimulusoriented mind wandering, an important question that remains subject for further research.
In addition to default network recruitment, mind wandering was also associated with recruitment of the dorsal ACC and the DLPFC, the 2 main regions of the executive network (18, 20, 32) . Although previous neuroimaging studies (6) (7) (8) have primarily linked mind wandering to default network recruitment, this executive system recruitment is consistent with behavioral findings indicating a processing overlap between mind wandering and central executive resources (5, 21, 22, 26) , and may help explain why mind wandering can undermine performance on demanding tasks (5, 14, 15, 26, 29, 33) . Prior neuroimaging studies have generally assessed mind wandering indirectly, by comparing brain activation between tasks shown to vary in the extent to which they facilitate mind wandering. In contrast, by holding the task constant and examining on-line fluctuations in individuals' self-reported mind wandering, the present investigation may have been able to detect executive system involvement where others have not (6, 7) .
Intriguingly, brain recruitment in both default and executive network regions was strongest when mind wandering occurred in the absence of meta-awareness. These findings complement behavioral results, demonstrating that mind wandering is most disruptive to concurrent task performance when it goes unnoticed (5, 27, 29) . The observed pattern of interaction between mind wandering and meta-awareness offers a number of constraints for interpreting the recruitment of executive resources during mind wandering. From a theoretical perspective, executive recruitment during mind wandering could reflect several possible processes, including (i) multitasking, or the conscious coordination of task performance and mind wandering; (ii) increased conflict detection and cognitive control aimed toward bringing attention back to the experimental task; or (iii) detecting conflict within the content of mind wandering itself, i.e., thoughts and memories from the stream of consciousness that pertain to discrepancies between one's more general personal goals and the current state of affairs. Because the first 2 possibilities would entail meta-awareness of the mind wandering process, they would predict stronger executive recruitment when subjects are meta-aware. However, the finding that both the anterior PFC, a region previously linked to multitasking (34) (35) (36) (37) , and the dorsal ACC, a region closely linked to conflict detection (32, (38) (39) (40) , were more active when subjects were unaware of their own mind wandering, suggests that the third possibility may be most likely, namely, that executive recruitment reflects, at least in part, the presence of conflict inherent to the content of mind wandering. This possibility would also be consistent with observations that the content of mind wandering is closely related to current personal concerns and unresolved matters (41) (42) (43) .
Also, the anterior PFC (BA 10), which has previously been implicated in meta-awareness of one's own internal mental contents (2, 37, 44-50), was significantly more active when subjects were unaware of their own mind wandering than when meta-awareness was present. This finding suggests that subjects may have been aware of the contents of their consciousness, without being aware of the fact that they were mind wandering, or the process of mind wandering itself. Although this suggested distinction between metaawareness of process and content is not part of current theoretical models of anterior PFC function (34, 36, 44-46, 49, 51) and metaconsciousness (23, 52) , it may prove instrumental for their future development. Also, the finding that mind wandering with meta-awareness did not result in significant activations above and beyond those observed during mind wandering without metaawareness suggests that the same brain regions that implement awareness of the mind wandering process may also underlie metaawareness of the contents of mind wandering when subjects are unaware of the process itself.
However, it must be acknowledged that the above interpretations of mental processes underlying the neural recruitment associated with mind wandering involve ''reverse inference'' (53-56), or in- Intervals prior to off-task unaware vs. off-task aware reports. All activations were significant at the P Ͻ 0.001 level. RMPFC, rostromedial prefrontal cortex; RLPFC, rostrolateral prefrontal cortex; STG, superior temporal gyrus.
ferring the engagement of a particular cognitive process from the activation of a particular brain region. Although reverse inference can be informative, and is widely used in the neuroimaging literature, it has limited validity (53-56), especially for higher order brain regions such as the anterior PFC that can be activated by multiple, diverse mental processes (46, 55) . Future research might profitably overcome the limitations of such reverse inference by using indepth experience sampling to gain insight into the specific content of participants' thoughts during mind wandering such as, for example, whether they were engaging in meta-cognitive reflection.
Although this study was not specifically designed to reveal the potential functions of mind wandering, the observation of parallel recruitment of the executive and default network regions presents an intriguing possibility. In general, the executive and default networks are thought to act in opposition to each other so that when the executive network becomes activated, the default network becomes deactivated or actively suppressed (57) (58) (59) . In contrast, here we observed a parallel recruitment of the 2 networks. Although this activation pattern differs from the pattern of results observed during many tasks and baseline conditions (1-3) , it is reminiscent of the neural recruitment observed during creative thinking (60) (61) (62) , where executive regions such as the dorsal ACC and default network regions such as the PCC are activated before solving problems with insight. Also, a similar parallel recruitment of executive and default regions has also been observed during naturalistic film viewing (63) , which is related to immersive simulative mental experience (64) . Thus, mind wandering may be part of a larger class of mental phenomena that enable executive processes to occur without diminishing the potential contribution of the default network for creative thought (60) (61) (62) 65) and mental simulation (66) (67) (68) . Although it may undermine our immediate goals, mind wandering may enable the parallel operation of diverse brain areas in the service of distal goals that extend beyond the current task.
The ability of this study to provide a direct empirical examination of the neural recruitment associated with mind wandering underscores the value of combining experience sampling with the tools of cognitive neuroscience for advancing our understanding of the neurophenomenology of subjective experience (69) . Also, the finding of default network recruitment in association with 2 independent measures, one relying on subjective experience sampling and the other on behavioral performance, helps to validate the use of first-person introspective reports in the study of mind wandering (14, 24, 70) . In general, experimental investigations in cognitive neuroscience try to minimize their reliance on subjective reports, and instead, aim to establish a task-based control over subjects' mental processes. However, this approach seems too limited for investigating spontaneously occurring, highly subjective mental experiences such as mind wandering (69, 71, 72) . Instead, by using introspective reports alongside behavioral and brain imaging measures (71) , and by creating experimental situations in which they reciprocally constrain each other (24, 69, 73) , we may be able to further enrich our understanding of the elusive nature of subjective experience. Thus, by capitalizing on the ability of our species for self-reflection and combining it with the detailed measures of brain function that modern technology allows, cognitive neuroscience may be better able to reveal what is unique about the human mind.
Materials and Methods
Subjects. Fifteen right-handed students from the University of British Columbia (UBC) (mean age 22; age range 19 -29 years; 10 female) gave their written consent to participate and received $20 per hour as compensation. Procedures were approved by the UBC Clinical Research Ethics Board and by the UBC High Field Magnetic Imaging Centre.
SART. During the SART, 1 digit (0 -9) was presented every 2 s. Targets, consisting of the number 3, appeared in 5% of trials. This relatively low target frequency was chosen as it helps establish an automaticity of response and promotes relatively high incidence of mind wandering (70) .
Functional MRI Data Acquisition. Data were collected using a 3.0 Tesla Philips Intera MRI scanner. Head movement was restricted using foam padding around the head. Five functional runs, each consisting of 800 dynamics, were acquired for each participant using a time of repetition (TR) of 1,000 ms. The functional volumes contained BOLD contrast intensity values and were acquired using a T2*-weighted single shot echo-planar imaging (EPI) gradient echo sequence sensitive to BOLD contrast [echo time (TE) ϭ 30 ms; flip angle (FA) ϭ 90°; field of view (FOV) ϭ 24 ϫ 24 ϫ 13.2 cm; matrix size 80 ϫ 80, reconstructed to 128 ϫ 128; SENSE factor ϭ 1.0; inplane resolution ϭ 3 mm]. The volumes covered the whole brain and consisted of 19 slices (each, 6-mm thick; separated by a 1-mm interslice gap) acquired parallel to the AC/PC line. Before functional imaging, an inversion recovery prepared T1-weighted fast spin-echo anatomic volume was obtained for each participant (TR ϭ 2000 ms; TE ϭ 10 ms; spin echo turbo factor ϭ 5; FA ϭ 90; FOV ϭ 24 ϫ 24 cm 2 ; 512 ϫ 512 voxels; inversion delay IR ϭ 800 ms). It contained 19 slices (6-mm thick, separated by 1-mm skip) acquired in the same slice locations as that used for the functional images.
Functional MRI Analysis. Data were preprocessed and analyzed using SPM5. Voxel time series were interpolated using sinc interpolation and resampled using the middle (tenth) slice as a reference point. All functional volumes were realigned to the first one in the time series. The structural T1-weighted volume was segmented to extract a gray matter image for each subject, which was spatially normalized to a gray matter image of the MNI template. The derived spatial transformations for each subject were applied to the realigned functional volumes, to bring them into standardized MNI space. After normalization, all volumes were resampled in 2 ϫ 2 ϫ 4 mm voxels using sinc interpolation in space. Fianlly, all T2*-weighted volumes were smoothed with an 8-mm FWHM isotropic Gaussian kernel.
Statistical analysis was performed at each voxel to assess the magnitude of differences between conditions of interest. An anatomically defined gray-matter mask was created and explicitly specified to ensure that statistical analysis was performed in all brain regions, including those where signal may have been low due to susceptibility artifacts. To remove low-frequency drift in the BOLD signal, data were high-pass filtered using an upper cut-off period of 164 s. No global scaling was performed.
Condition effects at each voxel were estimated according to the general linear model (for details, see SI Materials and Methods). Regressors of interests were compared in pairwise comparisons, and the resulting t maps were subsequently transformed to the unit normal Z-distribution to create a statistical parametric map for each contrast. The foci of maximum activation were localized on an anatomical image created by averaging the normalized individual T1-weighted images. Threshold for significance in the brain was set at voxel level P Ͻ 0.001.
